In the present work, selective extraction of rare earth (RE) metals from NdFeB magnets is investigated by studying the effects of various uxes, viz. AlF 3 , ZnF 2 , FeF 3 and Na 3 AlF 6 in the LiF-NdFeB system. The aim is to convert RE from RE magnet into the uoride salt melt. The results show the complete selective separation of neodymium (also dysprosium) from the magnet and formation of rare earth uoride, leaving iron and boron unreacted. The formed rare earth uoride can subsequently be processed in the same reactor through an electrolysis route so that RE can be deposited as a cathode product. The results of XRD and EPMA analysis of the reacted samples indicate that AlF 3 , ZnF 2 and FeF 3 can act as strong uorinating agents for extraction of rare earth from NdFeB magnet, converting the RE to REF 3 .
Introduction
In view of the issues of supply and demand of the rare earth metals due to the uneven distribution of these metals, there is a strong demand for recycling waste products, as for example, rare earth magnets. Due to the lack of technologically and economically feasible recycling technologies, only less than 1% of the rare earth elements were recycled until 2011 1) . An effective process for the recycling of rare earth scrap is a major concern since most developed countries import their required rare earth elements 2) . Hydrometallurgical and pyro-metallurgical process routes have been the subject of investigation by a number of researchers [3] [4] [5] [6] [7] . However, the drawbacks of hydrometallurgy processes are the low reaction rates and the serious environmental problems arising from the huge amounts of waste water generated in the process, which, in turn, need further processing. Alternatively, molten salt processing routes offer a more attractive ow sheet in view of the lower energy consumption, higher ef ciency and higher purity of the deposits [8] [9] [10] . The molten salt process is currently used in the production of reactive metals such as aluminium, magnesium, sodium, potassium and also in general for the production or separation of lanthanides from actinides 11) . Based on the Salt Extraction Process 12, 13) and for recovery of metal in the molten salt systems 14) , the feasibility of the neodymium extraction from NdFeB magnet in chloride salt electrodeposition method has been investigated 15) . A new approach involving molten uoride bath has been proposed in a recent study at TU Delft for solving the problem of low solubility and oxy uoride formation of rare earth oxides (REOs) in molten uorides. In this approach, AlF 3 , ZnF 2 , FeF 3 and Na 3 AlF 6 were used as uorinating agents in the LiF-Nd 2 O 3 system. The rare earth oxide was converted into rare earth uoride, which can subsequently be processed in the electrolysis route in which rare earth metal is electrochemically extracted as the deposition on the cathode. Complete conversion of REO in molten uorides can overcome the problem of the low solubility of REOs in the molten uorides. The objective of the present work is to examine the applicability of this process concept for the extraction of neodymium and other rare earth elements from NdFeB magnets, using AlF 3 , ZnF 2 , FeF 3 and Na 3 AlF 6 in the LiF-NdFeB system. It is interesting to examine the possibility of selective extraction of the rare earth metal from Nd magnet by uorination. The REF 3 which is formed as the result of the chemical reaction between the additives and the RE-containing components of the magnet, will be subjected to electrolysis to extract the RE as the cathodic product. To overcome uorocarbon formation on the anode a reactive anode was employed instead of the conventionally used graphite anode. This reactive anode is anodically dissolved to re-generate the uorinating agent in-situ in the electrochemical reactor. This method provides a one-step process for direct recycling of rare earth metal from neodymium magnet scrap by molten uoride salt extraction and electrolysis.
Thermodynamic Evaluations
Prior experiments by the present authors indicate that AlF 3 , ZnF 2 and FeF 3 can be used for the extraction of neodymium from neodymium oxide. As thermodynamic calculations conrm the feasibility of the conversion of neodymium oxide to neodymium uoride using AlF 3 , ZnF 2 and FeF 3 as uorinating agents, these uorides were used in the present work for the rare earth extraction from neodymium magnet (NdFeB). Due to the high price of AlF 3 compared to cryolite, the use of cryolite as a substitute for AlF 3 was also studied. Hence the LiF-NdFeB-Na 3 AlF 6 system was also investigated as part of the present work. 3 would be formed in all systems. It is important to note that these reactions refer to the case of the reacting species at their standard state as pure substances. In the real systems, the activity of the components would be lower than unity. Due to the absence of thermodynamic data for the uoride systems, it is not possible to calculate the equilibrium potential of the uorides in a similar way as it has been calculated for chlorides 16) . Thus, the ideal Temkin model was used in order to calculate the activities of the different uorides in the system, assuming that the magnet is dissolved in the salt, thereby forming uorides which are completely ionized in the salt melt. Hence, the system is a mixture of cations and uorine ions. Based on this model, the activity of a compound such as NdF 3 was calculated as:
In which the X-term refers to the ionic fraction of cations and anions:
n is the number of moles of ions. Using these activities, the relative partial molar Gibbs energies (chemical potentials) of the uorides species in the LiF-NdFeB-AlF 3 , LiF-NdFeBZnF 2 , LiF-NdFeB-FeF 3 and LiF-NdFeB-Na 3 AlF 6 systems were then calculated using the expression:
The activities and relative partial molar Gibbs energies of the uorides are listed in Table 5 . The relative partial molar Gibbs energies of NdF 3 in all systems are lower than the corresponding values for FeF 3 . Using a reactive anode in which FeF 3 is constantly generated in the system will generate sufcient amounts of FeF 3 that are instantly consumed in the uorination of the magnet scrap. This should enable NdF 3 formation.
The REF 3 formed in the system will dissolve in the LiF melt which will further participate in the electrolysis process. Based on the calculated Gibbs free energies for the formation (Table 1 Table 4 ), the decomposition voltage of NdF 3 at 1223 K for pure substances is about 4.7 V, not considering the over-potentials which need to be determined experimentally. This enables the extraction of Nd from the uoride bath. In case of BF 3 formation, B can be co-deposited on the cathode with the RE elements, since it has a lower decomposition voltage than NdF 3 . As the boron concentration in the magnet is however quite low (1 mass%), this can be neglected. Using cryolite as the extracting agent, NaF will form in the molten salt, which has a lower decomposition voltage than NdF 3 (decomposition voltage of NaF at 1223 considering calculation with pure substances is 3.6 V). The cathodic reactions will be (Reaction (5) will occur only in the case of using cryolite):
The anodic reaction using a reactive anode (M) is:
A schematic diagram of the salt extraction process, including the uorinating step and the electrochemical extraction step is shown in Fig. 1 .
Experiments
Lithium uoride (98.5%-Alfa Aesar) was mixed in a glove box with NdFeB magnets (supplied by Magneti Ljubljana), which were ground into ne powder. The magnet composition as provided by Magneti Ljubljana is shown in Table 6 .
Either aluminium uoride (99+%-Alfa Aesar), zinc uoride (99%-Alfa Aesar), iron uoride (97%-Alfa Aesar) or cryolite (99%-Alfa Aesar) powder was added to the lithium uoride and magnet mixture. This mixture was then charged into a graphite crucible. The uorinating agents were added in the stoichiometrical amount that is needed for uorinating the rare earth in the magnet. The mixtures were heated up to 1223 K for 3 hours under argon atmosphere. The Ar gas was puri ed by passing through KOH akes for CO 2 removal and also through silica gel and P 2 O 5 to remove moisture. The gas was further puri ed by passing through a tube furnace containing Ti sponge which was heated to 1123 K in order to remove the traces of O 2 . After 3 hours treatment, the samples were quenched in liquid nitrogen. The samples were analysed by X-Ray Diffractometry (XRD)
Results

AlF 3 in LiF-NdFeB system
From the XRD pattern of the LiF-NdFeB-AlF 3 sample after uorination treatment (Fig. 2) , the peaks of NdF 3 phase are identi ed along with LiF, α-Fe and the Fe 3 Al intermetallic phase. Because of the low concentration of B in the magnet, B-containing phases were not detected by the XRD analysis. Figure 3 shows the EPMA mapping of the LiF-NdFeBAlF 3 sample after uorination treatment. Nd and Fe are separately distributed in the sample. This proves that Nd is selectively extracted from the Nd magnet, whereas Fe remains in the magnet matrix. F is detected in the Nd-containing regions and Al is distributed in the Fe-containing regions. B could not be detected in the EPMA mapping due to its low atomic number and low concentration in the NdFeB magnet.
The sample was also analyzed using EPMA point analysis. A BSE image and the measured composition of the RE-uoride, the FeAl and the FeAlB phase are shown in Fig. 4 . The results clearly show the formation of a FeAl intermetallic phase (89 at% iron and 9 at% aluminum). Boron was quantied in the FeAlB phase with concentrations of 80 at% iron, 15 at% aluminum and 1.1 at% boron. The quanti cation data 
ZnF 2 in LiF-NdFeB system
The XRD result of the experiment of the LiF-NdFeB-ZnF 2 system after uorination shows the formation of NdF 3 in the sample (Fig. 5) The EPMA mapping of the LiF-NdFeB-ZnF 2 sample after uorination treatment is shown in Fig. 6 . The formation of NdF 3 is con rmed by Fig. 6 (a) . The areas with higher concentration of uoride correspond to the LiF phase. Fe and Zn are distributed in the same areas and are separated from Nd and F. In order to detect B, an EPMA mapping was performed at 5 kV (Fig. 6 (b)) . B is present in the areas with the highest Fe concentration. According to the XRD results, this can be the Fe 2 B phase. In the areas where both Fe and Zn are present, B is present in a lower concentration. This is the FeZnB phase. The areas were both Nd and F are detected correspond to the NdF 3 phase.
In Fig. 7 , the BSE image of the LiF-NdFeB-ZnF 2 sample after uorination is shown. The light areas in this image are REF 3 phase (RE being 23 at% neodymium and 2 at% dysprosium) with 74 at% uorine and the dark matrix is FeZnB intermetallic phase consisting of 91 at% iron, 8 at% zinc and 1 at% boron.
In Fig. 7 , the EPMA quanti cation results show that the dark gray grains correspond to iron boron phase with high concentration of boron (25 at% boron and 73 at% iron).
For more detailed detection of the element distribution and especially for a better detection of B, a WDS mapping was (Fig. 6(b) ). This mapping agrees with Fig. 6(a) , viz. the white phase is the NdF 3 phase dispersed in the grey matrix of Fe-Zn-B phase and the darker grains on the sample are Fe borides. A BSE image of the same area in the LiF-NdFeB-ZnF 2 sample after uorination is shown in Fig. 7 together with the measured phase compositions.
FeF 3 in LiF-NdFeB system
The XRD result of the LiF-NdFeB-FeF 3 sample after uorination treatment is shown in Fig. 8 . NdF 3 has formed from the reaction between FeF 3 and the Nd in the magnet. LiF and α-Fe are the two other identi ed phases. For the same reasons mentioned earlier, B-containing phases were not detected with the XRD analysis.
The elemental mappings of F, Nd, B, Fe and Co elements are shown in Fig. 9 . Nd is extracted from the Nd magnet and forms NdF 3 (the white appearing phase). Fe and Co are distributed in the same areas indicating that no FeF 3 
Na 3 AlF 6 in LiF-NdFeB system
The XRD result of the LiF-NdFeB-Na 3 AlF 6 sample after uorination treatment is shown in Fig. 10 . The formation of Na 1.5 Nd 1.5 F 6 shows that Nd in the magnet has substituted Al in the cryolite, hence Nd is extracted from the magnet. The small peaks related to cryolite show that a low concentration of this phase has remained in the sample. The XRD pattern also shows peaks related to α-Fe and LiF.
The EPMA elemental mappings of the LiF-NdFeBNa 3 AlF 6 sample after uorination are shown in Fig. 11 . The different phases in the sample were identi ed and are marked on Fig. 12 . Fe and Co are present in the same areas. Al is distributed in the same areas as Nd and F, but its concentration is low compared to Nd. The light appearing grey grains contain Fe and Co and are clearly separated from the dark appearing phase consisting of Nd, Dy, F and Al. The very bright appearing phases in the middle of the Fe-rich grains are the phases in which the intensity of Nd and F are very high and Al is not present. This can be related to the Na 1.5 Nd 1.5 F 6 phase. According to the XRD results, both Na 1.5 Nd 1.5 F 6 and Na 3 AlF 6 phases are present in the sample. The small black spots on the sample have high concentration of F in which Nd and Al are absent. This can be LiF phase.
Discussion
In all the experiments, Nd (and Dy in the case of the uorinated samples after treatment with cryolite) are completely extracted from the NdFeB magnet and have formed rare earth uoride. No (intermetallic) phases consisting of both rare earth elements and Fe were found by XRD and EPMA. This proves the complete extraction of the rare earths from the magnet. Extracted Nd had been completely converted to NdF 3 after reaction with AlF 3 , ZnF 2 and FeF 3 . In the case of using cryolite as the uorinating agent, Na 1.5 Nd 1.5 F 6 is formed instead of NdF 3 . Dissolution of Na 1.5 Nd 1.5 F 6 in molten LiF during the electrochemical extraction process will lead to reduction of both Nd and Na on the cathode, due to the lower stability of NaF compared to NdF 3 :
The decomposition voltages of NaF and NdF 3 , which were calculated from the standard Gibbs energy of these reactions at their standard states, are −4.6 and −4.7 V for NaF and NdF 3 , respectively. Na will therefore deposit on the cathode at lower voltages compared to Nd and co-deposition of Nd and Na will occur. Both the XRD and EPMA results of the experiments with AlF 3 show that Al replaced Nd in the magnet, forming FeAl and FeAlB phases and no Al in the form of uoride is present in the system. The same results can be seen using FeF 3 as uorinating agent. All FeF 3 has reacted with Nd in the magnet and Fe has replaced the rare earths in the magnet matrix, thereby forming FeCo and Fe boride phases.
In the experiment with ZnF 2 , XRD and EPMA results show that different Zn compounds have formed. The XRD result indicates the presence of the Li 2 ZnF 4 phase. Besides this phase formation, EPMA analysis indicates that Zn has replaced Nd in the matrix, thereby forming FeZnB phase.
The results from the experiments with Na 3 AlF 6 show that not all the cryolite has reacted with Nd, hence dissolution of the excess cryolite in LiF during the electrolysis process will lead to co-deposition of not only Na with Nd, but also Al.
Supposing that FeAl, FeB, FeZn and FeCo compounds (with varying stoichiometry) would not dissolve in the molten salt, it is expected that only rare earth deposition will occur during the electrolysis process. However, as was discussed earlier, in the case of cryolite treatment, co-deposition of Na and Al along with the rare earths can be expected.
Based on the thermodynamic calculations, the formation of boron uoride appeared feasible using FeF 3 as the uorinating agent. However, the experimental results analysed by EPMA mappings show that B and Fe are distributed in the same area, indicating the presence of Fe borides. The reason that boron had not reacted with iron uoride can be the fact that stoichiometric amount of FeF 3 was used in the experiment and since REF 3 has higher stability than BF 3 , REF 3 is formed and no excess iron uoride is present for reaction with boron. The other reason might be related to the kinetics of the reactions.
Conclusion
This study shows that AlF 3 , ZnF 2 , FeF 3 and Na 3 AlF 6 can act as strong uorinating agents for extraction of Nd and Dy in the NdFeB magnet. In all the treatments, Nd was separated from the Fe and B in the magnet and was converted to rare earth uoride. Al, Zn and Fe from AlF 3 (Na 3 AlF 6 ), ZnF 2 and FeF 3 , respectively, replaced the rare earth in the magnet matrix, thereby forming compounds with Fe. In the case of cryolite, co-deposition of Al and Na along with the rare earth elements, makes cryolite as uorinating agent unsuitable for the recovery of rare earths from NdFeB magnet.
Once NdF 3 is formed, it can subsequently be electrolysed and extracted on the cathode by an electrolysis process in the same batch. Hence, conversion of the rare earth in the magnet to rare earth uorides provide the possibility of a one-step recycling process of the rare earths from magnets. The ndings of our study on the electrolysis process will be reported in the future.
